1. Background {#sec1}
=============

1.1. Epidemiology and Pathogenesis of Diabetes Mellitus {#sec1.1}
-------------------------------------------------------

Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia resulting from defect in insulin resistance or/and secretion \[[@B1], [@B2]\]. Globally, 422 million peoples were living with diabetes in 2014, and over the past decade, diabetes prevalence has raised faster in low- and middle-income countries \[[@B2]\]. Approximately 90 to 95% of the diagnosed diabetic population has type 2 diabetes \[[@B3], [@B4]\]. Type 1 diabetes mellitus is an autoimmune disease associated with destruction of insulin-producing pancreatic *β*-cells \[[@B5], [@B6]\]. It results from the formation of specific self-islet *β* antigen, and these autoantigens are presented by antigen-presenting cells to activate T helper (Th1 and Th2) cells \[[@B7], [@B8]\]. Activated Th1 cell produces interleukin-2 (IL-2) to activate T cytotoxic cell which destroys the islet cells through the secretion of toxic chemicals perforins and granzymes, and interferon gamma (IFN*γ*) activates macrophages and stimulates the release of inflammatory cytokines like IL-1 and tumor necrosis factor alpha (TNF*α*) which further destroy beta cells \[[@B8]--[@B10]\]. The CD4+ T cells can also activate islet antigen-specific B cells to produce antibodies that mediate complement killing as well as binding to Fc receptors on macrophages \[[@B8], [@B10], [@B11]\]. T2DM results from impaired insulin secretion and increased insulin resistance, affected by genetic and environmental factors including obesity \[[@B12]\]. Obesity induces adiposity hypertrophy and changes in stromovascular cell composition to bust the proinflammatory state which leads to interaction of adaptive cells with adipose tissue macrophages to modify their activation state \[[@B13]\]. In obesity and type 2 diabetes, adipose tissue is characterized by macrophages and T lymphocytes with a shift from an anti-inflammatory to a proinflammatory state \[[@B13], [@B14]\]. CD8+ and CD4+ Th1 and Th17 cells stimulate classical macrophage polarization; additionally, B lymphocytes and mast cells also increase in obese adipose tissue contributing to obesity-induced inflammation. Despite this fact, the imbalance between immune cells results in the production of excess chemokines and proinflammatory cytokines that promote systemic inflammation by serine phosphorylation resulting in peripheral insulin resistance via inhibition of tyrosine phosphorylation \[[@B14]--[@B16]\]. Subsequently, this immunological dysfunction leads to diabetic patients being more risky toward many infectious diseases. Diabetes is a common predisposing factor to severity of respiratory infection (*Streptococcus pneumoniae*, *Staphylococcus aureus*, *Haemophilus influenzae*, other gram-negative bacilli, atypical pathogen, and tuberculosis), urinary tract infections (*Escherichia coli*, Proteus species, and other gram-negative bacilli), and soft tissue infections including foot \[[@B17], [@B18]\] and fungal infections in oropharyngeal, vulvovaginitis, and cutaneous candidiasis \[[@B17], [@B19]\]. The study suggested that diabetic patients more likely had high bacterial loads of Staphylococcus aureus than nondiabetics to have endocarditis; however, there had no increase in mortality \[[@B20]\]. In addition, some chronic diseases are more prevalent in diabetic persons, like malignant external otitis, rhinocerebral mucormycosis, and gangrenous cholecystitis \[[@B17], [@B18]\]. Thus, the main pathogenic mechanisms on the way to the risk of diabetic patients to infections are a hyperglycemic environment that increases the virulence of pathogens by a lower production of interleukins in response to infection, reduced chemotaxis and phagocytic activity, immobilization of polymorphonuclear leukocytes, and glycosuria and gastrointestinal and urinary dysmotility \[[@B18], [@B21]\].

2. Effects and Immunological Mechanism of Diabetes on Tuberculosis Susceptibility {#sec2}
=================================================================================

A person who has diabetes mellitus are approximately 3 times more likely to develop tuberculosis than nondiabetics \[[@B22]\]. Tuberculosis (TB) is an infectious disease caused by the intercellular Mycobacterium tuberculosis (MTB) \[[@B23]\]. Many risk factors contribute to LTBI and TB disease at both individual and population levels \[[@B24]\]. Thus, DM is one of the chronic diseases that are risk factors for the conversion of latent to active tuberculosis \[[@B25]\]. Scholars hypothesized that an impaired immune function due to dysglycemia in both diabetic and prediabetic patients is more likely to have LTBI than those without DM \[[@B26]\].

Globally, there are an estimated 9.6 million new patients with active TB annually; from those, one million people have both TB and DM \[[@B27]\]. Despite this rising prevalence, DM is a potential challenge to control and treat TB \[[@B28]\]. The World Health Organization (WHO) has recommended important intervention strategies to reduce the dual burden of TB-DM comorbidity, namely, establishing mechanisms of collaboration between TB and DM control programs, detection and management of TB in patients with DM, and detection and management of DM in TB patients \[[@B29]\]. However, for this strategy, it is crucial to understand the magnitude and immunological mechanisms of TB-DM comorbidity, particularly in low- and middle-income countries. Despite this, we review the prevalence of diabetes-tuberculosis coinfection in different countries. It shows that there was a high prevalence in India (29%), Korea (26.5%), and Mexico-Texas (25%) followed by Addis Ababa, Ethiopia (15.8%) ([Table 1](#tab1){ref-type="table"}).

High susceptibility to infections, including TB, is a major cause of morbidity and mortality in patients with diabetes, and the probable cause of increased prevalence and complication of the infections in DM patients is immune dysfunction \[[@B40], [@B41]\]. Natural infection with *MTB* occurs by inhalation of bacilli that invade and replicate in alveolar macrophages and horizontally spread to macrophages, myeloid DCs, and neutrophils recruited from the periphery, which results in priming of adaptive immunity \[[@B42], [@B43]\]. In M. tuberculosis infection, complement has also a great role to promote the opsonization and phagocytosis of microorganisms through macrophages and neutrophils and induce the lysis of these microorganisms \[[@B18], [@B44]\]. Complement component C3 enhances the adherence and uptake of *M. tuberculosis* by mononuclear phagocytes \[[@B45], [@B46]\]. Moreover, complement activation products provide the second signal for B-lymphocyte activation and antibody production \[[@B45]\].

Despite this, antigen-specific T cells expand and travel to the lung where they promote an effective antimicrobial response as a result of activating macrophage through release of IFN*γ* and cytotoxic T cell targeting of *MTB*-infected macrophages \[[@B21]\]. But few studies indicated that TB susceptibility has also been reported in rat models of type 1 and type 2 DM \[[@B41], [@B43]\]. However, the immunological mechanisms of susceptibility to TB among those with DM still needed clear understanding. Increased susceptibility to TB in patients with DM has been endorsed to several factors, including direct effects related to hyperglycemia and insulin resistance and indirect effects related to macrophage and lymphocyte function \[[@B47]\]. The impaired immune response in patients with DM facilitates either primary infection with TB or reactivation of latent TB, may be possible for these defective immune responses ([Figure 1](#fig1){ref-type="fig"}). Therefore, below, studies point out the innate and adaptive immune responses to *MTB* antigen in patients with DM.

2.1. Innate Immune Dysfunction in DM Patients and Susceptibility to TB {#sec2.1}
----------------------------------------------------------------------

Differences in innate immunity between diabetic and nondiabetic patients are more significant in the susceptibility and pathogenesis of infections including TB \[[@B42], [@B48]\]. It has been revealed that the function of neutrophils, macrophages, DC, NK cells, and some other components of innate immunity is drastically compromised by metabolic alterations in DM \[[@B40], [@B42], [@B49]\]. Thus, immune dysfunction may play an important role in the reactivation and host\'s susceptibility to exogenous infection of TB \[[@B49]\]. The initial infection of alveolar macrophages (AM) by inhaled *MTB* activates an innate response that recruits multiple myeloid cell types to the alveolar airspace \[[@B50]\]. Alveolar macrophages have a central role in hosts for *Mycobacterium tuberculosis* infection and replication \[[@B48]\]. These macrophages ingest the bacilli to enclose them in phagosomes and fuse with lysosome along with digestion of the bacteria and production of antimicrobial molecules like reactive nitrogen intermediates \[[@B21]\]. It has also an essential role in the formation of hallmark feature of tuberculosis in humans, the so-called "granulomas," which contain other immune effector cells, such as neutrophils and T cell \[[@B21], [@B51]\]. Alveolar macrophages from diabetic mice had increased the expression of CCR2, which may restrain monocyte traffic to the lung, and reduced expression of CD14 and macrophage receptor which recognizes the *MTB* cell wall components that contribute reduced phagocytosis of *MTB* and increase tuberculosis susceptibility in diabetic hosts \[[@B50], [@B52]\].

An experimental study by aerosol challenging hyperglycemic mice and euglycemic control mice indicated that the function of *MTB*-infected AM is impaired in hyperglycemic mice resulting in a reduced expression of signals and chemokines that recruit macrophages, DCs, neutrophils, and innate lymphocytes to the airspace, and also, it produces a barrier to leukocyte transmigration into the airspace even if adequate recruiting signals are produced by infected AM \[[@B42], [@B50]\]. In addition, IFN*γ* also determines the activation of macrophage, on which its production is mediated by the release of IL-1*β*, IL-12, and IL-18 from APCs upon stimulation with mycobacteria. Therefore, type 2 diabetes patients might be characterized by decreased secretion of IL-1*β*, IL-12, and IL-18 and respond with less IFN*γ* upon stimulation, leading to increased susceptibility to TB \[[@B53]\]. Dendritic cells \[[@B54]\] are one of the APCs which link both innate and adaptive immune cells \[[@B47]\]. The migration of DC to the draining lymph node is essential for the activation of naive T cells in TB infection \[[@B47], [@B55], [@B56]\]. Studies revealed that TB-DM individuals showed significantly lower frequencies of both myeloid DC and plasmacytoid DC compared with individuals with TB; however, the contribution of the pathogenesis was not clearly understood. Therefore, they bring to a close; hyperglycemia is the primary influence in the alterations of DC frequency in TB-DM \[[@B43], [@B47], [@B56]\]. Neutrophils are the first cell that migrates to infected tissue to kill the bacteria and secrete a wide range of cytokines and chemokines which induce other immune cell recruitment and activations \[[@B43], [@B48]\]. Multiple receptors including TLRs, C-type lectin receptors (CLRs), and cytokine receptors have been implicated in the interaction between neutrophils, M. tuberculosis, and proinflammatory cytokines \[[@B57]\]. Moreover, neutrophils have a great implication in the acute inflammatory response to M. tuberculosis \[[@B58]\]. The impact of hyperglycemia on neutrophils in TB has been investigated that increased adhesion and integrin expression, reduced chemotaxis, defected phagocytes, and reduced microbicidal activity as compared with neutrophils from euglycemic controls \[[@B43]\] ([Figure 1](#fig1){ref-type="fig"}). There was also evidence on which glycated collagen impedes neutrophil migration compared with nonglycated collagen due to the receptor for advanced glycation end products (RAGE), which is expressed on neutrophils and other leukocytes \[[@B42], [@B48]\].

2.2. Adaptive Immune Dysfunction in DM Patients and Susceptibility to TB {#sec2.2}
------------------------------------------------------------------------

Adaptive immunity against *MTB* infection is mostly cellular immune responses \[[@B59]\]. T helper 1 (Th1) cells play a central role in the host defense by inducing the production of IFN*γ*, which potentiates the nitric oxide- (NO-) dependent killing activity of macrophages, while IL-2 is an essential cytokine for the development and proliferation of Th1 and CD8+ T cells, and Th17 cell secretes IL-17 and IL-23 that plays inflammatory response of TB \[[@B41], [@B42], [@B47], [@B53], [@B59]\]. They postulated that impaired Th cell function in DM would be a major factor for the development of TB \[[@B59]\]. Despite that, an increasing number of immunological studies in patients with DM who develop TB show an absurd hyperinflammatory response \[[@B47]\]. Several studies revealing that cytokine response of TB with DM versus without DM following in vitro stimulation of immune cells with purified mycobacterial antigens indicate that the secretion of IFN*γ* has been evaluated; however, results are contraindicated with studies showing either no difference \[[@B53]\] or lower \[[@B60]\] or higher \[[@B61], [@B62]\], and the difference may be due to types of stimulating antigen and pool of MTB region of difference. Another experimental study showed that the frequencies of functional Th1 cells are decreased in DM individuals compared to NDM individuals with TB infection \[[@B48], [@B55], [@B59], [@B60]\]. Diabetes mellitus might potentially influence and/or decrease the frequencies of Th1 and Th17 cells in TB-DM individuals due to increased frequencies of Th2 cells which secrete IL 4; as a result, Th2 cells are known to antagonize the differentiation of Th1 and Th17 cells \[[@B47], [@B59]\]. Irrespective of its cytokine secretion, another study indicates that the frequency of CD4+ T cells expressing Th2 cytokines is actually decreased in TB-DM individuals, suggesting that DM is related to alteration of antigen-specific frequencies of most CD4+ T cell subsets \[[@B55]\]. Since Th1 and Th2 cytokines regulate the secretions with each other, they found that the overall Th1/Th2 cytokine ratios (IFN*γ* : IL-4, IFN*γ* : IL-5, and IFN*γ* : IL-10 and TNF*β* : IL-4, TNF*β* : IL-5, and TNF*β* : IL-10) were lower in the diabetic TB patients than NDM-TB patients and healthy subjects. Consequently, lower Th1 : Th2 ratios may possibly contribute to susceptibility of MTB infection under diabetic conditions \[[@B61]\]. Another mechanism that could contribute to the diminished Th1, Th2, and Th17 response is due to increased frequencies of regulatory T cells in TB-DM disease. Regulatory T cell frequencies are significantly higher in DM compared to NDM individuals, on which IL-10 and TGF*β* are regulatory cytokines with a broad spectrum of activity, predominantly anti-inflammatory cytokine which interferes mycobacterial antigen-specific Th1 and Th2 cytokine production \[[@B61]\]. Even though there is production of IFN*γ* secretion, IL-10 can help mycobacteria to survive intracellularly and the elevated secretion of IL-10 may contribute to increased pathogenesis in diabetic TB patients \[[@B55], [@B59], [@B61]\] ([Figure 1](#fig1){ref-type="fig"}).

[Figure 1](#fig1){ref-type="fig"} shows the putative immune mechanisms contributing to the increased susceptibility of diabetic hosts to Mycobacterium tuberculosis. Impaired cell activation and phagocytic activity lead to impaired production of chemokines and cytokines in diabetic hosts. Altered activation of natural killer (NK) cells, an early source of interferon *γ* (IFN*γ*) to enhance macrophage microbicidal activity, also facilitates intracellular bacterial persistence. Adaptive immunity is delayed by an impaired antigen-presenting cell (APC), and reduced frequency in diabetic hosts and dysregulation of the cytokine profile alter the activation and differentiation of T cell subsets. B cell activation and antibody production may also be impaired. The dysregulated inflammatory milieu affects granuloma formation, contributing to increased neutrophil recruitment and central necrosis that facilitates bacterial escape (Hodgson et al., 2015).

In humoral immune response, the role of antibody (Ab) either in pathogenesis or in protection against tuberculosis was controversial \[[@B63], [@B64]\]. Most studies indicate that the class of Abs are markers of disease progression and protection \[[@B64]--[@B66]\]. Furthermore, most scholars suggested that mechanisms of antibody-mediated protection against Mycobacterium tuberculosis are opsonization, increase of macrophage Ca^2+^ signaling and release of oxidants enhancing the intracellular killing, other mechanisms enhancing cell-mediated immunity, clearance of immunomodulatory mycobacterial antigens, direct antimycobacterial activity, and activation of complement \[[@B65], [@B67], [@B68]\]. In addition to this, hence, glycation of immunoglobulin and increased HbA1c in diabetes patients lose the biological function of the antibody \[[@B19]\].

2.3. Immunological Mechanism of Diabetes on the Severity and Treatment Outcome of Tuberculosis {#sec2.3}
----------------------------------------------------------------------------------------------

*Mycobacterium tuberculosis* infection with diabetes is rapidly progressive with a shortened survival interval, more severe pulmonary and extrapulmonary pathologies, and a higher bacterial burden as compared to NDM controls \[[@B69]\]. Moreover, increase in disease severity, miliary TB, and higher bacterial load will contribute to increased mortality rates of TB-DM patients \[[@B69], [@B70]\]. Laboratory animal-based studies indicate that diabetes induction increases the frequency of airway shedding of M. tuberculosis even in the absence of cavitations, which may be related to a higher pulmonary bacterial load and/or an alteration in the diabetic airway microenvironment \[[@B69]\]. In chronic stages of hyperglycemia guinea pigs, there were higher expressions of TNF*α* and IL-1*β* and extrapulmonary bacterial burden than in NDM controls which lead to increasing the severity and disease progression of TB \[[@B55]\]. Therefore, the severity of the disease may be due to the altered expression of particular cytokines and subsequent cellular immune response to *MTB* infection \[[@B27], [@B48], [@B71]\]. High levels of IL-17 and IL-8 in diabetes with TB may be related to more granulocytic infiltration and pathology, and these byproducts of chronic hyperglycemia, combined with oxidative stress, induce a proinflammatory response which contributes to more severe inflammation and TB disease with type 2 diabetes \[[@B49], [@B71]\]. In general, Th1-based cytokine secretion is critical in the activation of macrophages for the protection of *MTB* infection. Despite this, M. tuberculosis infection with a diabetic is failing to control bacterial growth due to increased anti-inflammatory cytokine levels and IL-4 which inhibits the expression of IFN*γ*, resulting in rapid disease progression before the onset of adaptive immunity to M. tuberculosis in diabetic patients \[[@B69], [@B71]\]. Patients with diabetes are also more likely to fail treatment and die during treatment compared to those without diabetes \[[@B72]--[@B74]\]. A cohort study has shown that diabetes was independently associated with an increased risk of death and late culture conversion in patients undergoing treatment of TB compared with patients without diabetes \[[@B75], [@B76]\]. The possible hypothesis of delay in time of clearance and treatment failure of TB among DM patients is related to higher bacterial burden at diagnosis, which could be related to slower kinetics in the immune response in DM patients and altered pharmacokinetics of anti-TB drugs in TB patients with DM (absorption, distribution, metabolism, and excretion of drugs) \[[@B73], [@B76]--[@B78]\].

In conclusion, tuberculosis is one of the major causes of morbidity and mortality among infectious diseases worldwide, including Ethiopia. Diabetic patients induce an abnormal function in both innate and adaptive immune responses, which increased risk of the combined TB disease development, complication, outcomes of treatment failure, and death. The immunological mechanisms of diabetes to susceptibility of tuberculosis are complex and not fully elucidated. Research suggests that immune dysfunction in diabetes is more susceptible to tuberculosis. However, results from studies so far remain inconsistent. Therefore, further studies are required to fully understand the impact of DM patients on the immune response and increased susceptibility and treatment outcome of TB.
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Summary of 10 studies of the association between diabetes and tuberculosis, at the University of Gondar, Ethiopia, 2018.

  Study design      Country                 Study period                  TB-DM prevalence   Reference
  ----------------- ----------------------- ----------------------------- ------------------ ------------
  Prospective       Mexico & Texas          March 2006 & September 2008   25%                \[[@B30]\]
  Cross-sectional   India                   ---                           29%                \[[@B31]\]
  Cross-sectional   India                   December 2014-June 2015       10.6%              \[[@B32]\]
  Retrospective     Korea                   1988-1990                     26.5%              \[[@B33]\]
  Retrospective     China                   2008-2009                     9.48%              \[[@B34]\]
  Cohort            Taiwan                  2002-2011                     4.3-fold           \[[@B35]\]
  Cross-sectional   Pakistan                September2014-August 2015     14.8%              \[[@B36]\]
  Cross-sectional   Nigeria                                               5.7%               \[[@B37]\]
  Cross-sectional   Addis Ababa, Ethiopia   February-May 2014             15.8%              \[[@B38]\]
  Cross-sectional   Dessie, Ethiopia        February-April 2012           6.2%               \[[@B39]\]
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